Abstract. The punchless piercing is a process that uses highly pressurized fluid instead of the conventional punch to make holes into the sheet metal. This process has many advantages over the conventional method for piercing various shaped holes into very thin strips of metal, composite, etc. An important cost advantage comes from not having to use a punch. Another important advantage comes from the top quality of pierced holes produced by punchless piercing, as no secondary finishing process will be needed for removing burrs typically found in conventional cutting processes. The ABAQUS/Explicit FEM code coupled with Lemaitre damage model has been used to more precisely characterize the punchless piercing process. The formulation adopted for this purpose focuses on the development of an efficient stress integration algorithm and development of a user material subroutine (VUMAT). For verification, the computed results have been compared with those of the experimental results in the literature and shown to be in good agreement with each other. The results obtained from this work are expected to be of significant interest to automotive and aerospace industries interested in using the punchless piercing process.
INTRODUCTION
The piercing process has been widely used to make holes in sheet metals. In this process, both the die and punch are required. The clearance, the gap between the die and punch, is the most important factor affecting the quality of final products. Generally the clearance is set to a value of around 10% of the sheet thickness. When the sheet is very thin, the required clearance becomes so small that the overall manufacturing cost for the die set goes up due to very high precision machining requirement. Therefore, a new method for piercing holes into very thin sheet metals is needed.
Murata et al. [1] have shown experimentally that very thin sheet metals can be pierced with the ultrahigh pressurized gas instead of ordinary punch. A schematic diagram presenting the concept of the punchless piercing process is shown in Fig. 1 . A workpiece is placed in between the die and the holder and tightly clamped. The pressurized fluid is then applied to the clamped sheet through the machined hole of the holder in order to pierce the workpiece into the die hole.
To help understand how different the punchless piercing is from the conventional piercing, cut edge profiles computed by FEM simulations are shown in Fig. 2 . Some advantages of the punchless piercing over the conventional piercing process include (1) the concept of the clearance is unnecessary, (2) burrs rarely occur thus secondary processes will not be needed, (3) production cost reduces by half because no punch is used, and (4) the process works for both polymer materials as well as sheet metals. Models for ductile damage and fracture are required to successfully simulate the punchless piercing process. Many researches have been done in order to predict ductile fracture accurately. Many failure criteria based on fracture mechanics and expressed as a function of stresses and plastic strains, but uncoupled from plastic evolution laws, have been proposed [2, 3] . Each of these criteria acts as a failure indicator. One of the common characteristics of these failure models is that crack initiates when the failure indicator exceeds a certain critical value that could be determined by series of experiments.
On the other hand, continuum damage mechanics considers the mutual interaction of material degradation and plastic deformation by means of introducing new state variables for damage evolution into material constitutive model. It provides a systematic approach to the analysis of ductile fracture ranging from crack initiation to propagation and finally rupture [4] .
In this work, finite element formulations for von Mises plasticity coupled with the Lemaitre isotropic damage model have been used to simulate the punchless piercing process. The goal was to study the progress of material behavior and damage evolution during the piercing process and to also predict the pressure value required to pierce the sheet, which is very important in industry. The formulations have been coded into a VUMAT subroutine, for use in ABAQUS/Explicit. Simulation results have been compared with the experimental results reported by Murata et al.
FINITE ELEMENT FORMULATION

Constitutive Equations
For rate-independent isotropic hardening materials that obey von Mises yield criterion coupled with Lemaitre damage model, the following constitutive equations are valid if the strain rate and stress rate remain constant during a finite but very small time increment t ∆ :
von Mises yield criterion coupled with damage; ( )
Additive strain assumption;
Generalized Hooke's law;
Plastic flow rule;
Flow stress curve;
Hardening law;
Lemaitre damage law;
In the above equations, φ is the yield surface, σ 
Stress Update Procedure
To update the stress states, the elastic predictorplastic corrector approach is adopted. In the plastic correction step, the radial return mapping is used because of its superior characteristics compared to other methods for von Mises material model [5] .
It is initially assumed that . Then, from the generalized Hooke's law, it follows that
where is called a trial stress (or an elastic predictor). and are the stress state and the
Lemaitre damage variable at time respectively.
Thus it follows that
If 0 φ > when is substituted into Eq. (1), the yield surface has to be expanded during a time increment to meet the consistency condition, which requires that must be on the expanded yield surface at time ; i.e.,
where is the radius of the yield surface obtained by ( )
and q is the radial direction for the plastic correction procedure denoted by 
where
3
Note that the correct γ ∆ is the one that satisfies the following constraints;
( )
The calculated γ ∆ is then used to update the state variables at time ( ) 1 i t + as follows: 
NUMERICAL SIMULATION OF PUNCHLESS PIERCING PROCESS Problem Definition
A finite element model of the punchless piercing process is shown in Fig. 3 . The workpiece is 0.1 mm thick. The diameter of the hole to be manufactured is 5.0 mm. The die has the corner radius of 0.01 mm (10% of the sheet thickness). Both the die and the holder, modeled with the analytic tools of ABAQUS, are fixed in space. The workpiece is constrained from moving in the r-direction. The workpiece is modeled with the combination of axisymmetric elements CAX4R (rectangular) and CAX3 (triangular). These two element types have the reduced integration scheme and the hourglass control ability. In order to enhance the overall computational efficiency of the simulation, very dense meshes are used only near the region of the die corner where severe deformation and final rupture are expected to occur. The fluid pressure is modeled as a uniformly distributed load applied to the top surface of the workpiece (on the holder side).
In the simulation, the value of the active fluid pressure was increased linearly from zero to the maximum pressure at rupture. The adaptive remeshing function of ABAQUS was turned on during the calculation in order to reduce deterioration of results occurring from severe distortion of mesh near the die corner.
The material used for the workpiece is a 99.9% copper sheet. Table 1 shows the mechanical and damage properties of this material. The hardening parameters and damage constants are after Ref. [6] .
Material Failure
Element deletion technique was used to simulate void nucleation, coalescence and final rupture. The damage variable D itself has been used successfully as a failure criterion (e.g. Ref. [7] An element is considered as failed and eliminated from further calculations when the value of η reaches unity.
It is also assumed in the simulation that damage accumulates only when the triaxiality ratio, H σ σ , of an element is positive. This assumption comes from consideration of the fact that fracture is delayed when mean stress H σ is compressive [8] . Figure 4 shows the deformed shape of the sheet at several pressure loading steps. The deformed shapes in intermediate steps look similar to those of the hydrostatic bulge test. The pressure value at rupture is calculated to be 12.35 MPa. The calculated result underestimates the experimentally measured failure pressure of 14.7 MPa [1] by 19%. This difference in computed and experimental pressure at rupture could be attributed to several factors, the most important of which is that damage parameters were obtained from Ref. [6] , which may have been somewhat different from the actual copper tested in Ref. [1] .
Results and Discussion
Crack propagation is shown in Fig. 5 At the pressure loading of 12.34 MPa, initial voids appear at the top surface of the sheet and at the die corner region. An increase of just 0.03 MPa in the fluid pressure causes the final rupture. The calculated fractured profile of the sheet has a gentle curve similar to the experimental one shown in Ref. [1] .
In order to show the stress and strain paths of the failed elements during the process, six of the failed elements; two for each region respectively near the holder (marked A), near the center of the workpiece (B) and near the die (C), were chosen as shown in Fig.  5 . Figure 6 represents the element paths on the plane of the plastic strain ratio vs. the triaxiality ratio. The plastic-strain-ratio-at-rupture, pl R R ε ε , is defined as
where pl R ε is the strain to rupture for any value of the triaxiality ratio and R ε is the strain to rupture in the one-dimensional case [6] . In case of the uniaxial tension the triaxiality ratio is 1/3 so that 1
Equation (23) implies that the strain to rupture decreases under multi-dimensional stress state when the triaxiality ratio goes up. This tendency has been also mentioned in Ref. [9] .
The elements near the holder (A) follow a vertical path with a triaxiality ratio equal to 0.55 that is near the balanced biaxial tension (the triaxiality ratio = 2/3) state. The elements near the center of the workpiece (B) start on the uniaxial tension path and stay the course up to the crack initiation point with very little variation. This is reasonable from the point of view that bending is the dominant mode of deformation in the punchless piercing process. The elements near the die (C) are under the compressive mean stress at the beginning but progressively shift towards the tensile mean stress region before rupture occurs.
At the pressure level of 12.32 MPa, all six elements are near the plastic-strain-ratio-at-rupture curve, from which crack initiates. Beyond this curve all elements suddenly experience a large increase in the triaxiality ratio that leads to their final rupture. In von Mises elastoplasticity the triaxiality ratio goes to infinity when the damage is fully developed ( =1, 0% load capacity) [4] . Thus, sudden large increase in the triaxiality ratio with little increase in the plastic strain ratio is a good indicator that an element is undergoing severe deformation and will soon fail. Furthermore, the equation of the plastic-strain-ratio-at-rupture can be considered a good criterion for ductile failure. D Fig. 7 shows variation of the die force along the zdirection as a function of pressure loading. The die force increases to a maximum value of 0.25 kN just before crack initiation and suddenly falls to zero after the breakage. This curve is very different from that observed in a conventional piercing process [3] .
CONCLUSIONS
The punchless piercing process, which has many advantages over the conventional piercing in producing holes into very thin sheet metals, has been successfully analyzed by FEM. The ABAQUS/ Explicit code coupled with Lemaitre damage model was used to precisely characterize the punchless piercing process. The formulation adopted for this purpose focused on the development of an efficient stress integration algorithm and development of a user material subroutine (VUMAT). The computed results were shown to be generally in good agreement with the experiments available in the literature.
It was also shown that the equation of the plasticstrain-ratio-at-rupture is a good measure for predicting the onset of ductile rupture.
